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A compact temperature measuring device using a weakly coupled multi-core fibre in the
Michelson interferometer structure is proposed and experimentally demonstrated. The
device is manufactured by an easy and simple splicing approach which consists of a multi-
core fibre segment and an in-fibre coupler. In-fibre coupler is made of a cascaded single-

mode fibre and multi-core fibre balls. It enhances the interference phenomenon of light
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energy between the central core and the outer cores of a multi-core fibre. The sensor shows
a high quality fringe visibility of about 14-18 dB in the wavelength spectrum. Multi-core
structure presents multi-path interferences and exhibits a maximum temperature sensitivity
of 70.6 pm/°C in the range of 20-90°C with an insensitive response to the refractive index
in the range of 1.334 to 1.354. The device has the advantages of compact size, easy
manufacturing, and it solves cross-sensitivity between temperature and refractive index
making it an authentic real-time temperature monitoring solution.

1. Introduction

Characteristics of optical fibre sensors make them
environment friendly with numerous advantages, i.e.,
corrosion resistance, lightweight, miniature size, resistance
to electromagnetic interference, and remote sensing. In the
study of temperature sensing, fibre Bragg gratings (FBGS)
[1,2], and long-period fibre grating (LPFGSs) [3] have been
extensively investigated because of their unique
advantages of compactness, rapidity, and effective
response time. Their sensing architecture is quite the
simplest and can be embedded in the same configuration
without degrading the fibre resistance, but manufacturing
may require expensive tools, such as, femtosecond lasers,
CO, lasers, etc.,, and also offers restrictions of low
sensitivity. To overcome the sensitivity limitations,
specially designed interferometers have been reported [4,5]
which are temperature sensors insensitive to the refractive
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index (RI) In interferometry, Michelson interferometers
(Mls) are famous for temperature sensors that can be
formed by a variety of previously reported methods such as
core-mismatching fibre joint [6], tapered at splicing joint
[7], three adjacent micro-spheres [8], single-mode fibre
(SMF) end splice with hollow-core [9], etc.

Nowadays, a multi-core fibre (MCF) attracts researchers
due to its multi-path structure in a single fibre. Over a
decade, several types of interferometers based on MCF
have been explored which showed their responsiveness,
because the MCF being a single fibre supports supermodes,
appropriate strong interference spectrum, and progression
of multi-path light. Several interferometers composed of
MCF have been reported, including heterogeneous multi-
path-based MI [10], twin-core fibre (TCF)-based MI
[11,12], distributed fibre sensors [13,14], tapered MCF
interferometers [15-18], strongly coupled Mach Zehnder
interferometers (MZIs) [19,20], etched MCF-MZIs [21,22],
weekly coupled MCF-MZIs [23,24], refractometer with
etched chirped fibre Bragg grating [25], LPFGs in MCF
[26], tilted MCF-MZI [27,28], etc. These interferometers
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have been tested to measure various physical parameters,
including, temperature, RI, strain, twisting, etc. Zhao et al.
[11] have investigated an MI sensor which is composed of
a TCF and a side-hole fibre and is used for simultaneous
testing of a multi-parameter detection, i.e., twist, strain, and
temperature, simultaneously. The structure has an
outstanding detection performance for angular testing
using a single outer core. Hu et al. [14] have used an Ml
structure with FBGs that is inscribed on the trench-assisted
MCF section to monitor the distributed temperature and RI
responses. They used a fan-in coupler device to test Rl and
temperature. Besides, few MCF-based MZIs [15,19,24] are
reported which are used for high temperature testing up to
1000°C, as doped MCFs last longer than pure silica-based
SMFs. MCF-based Mls [10,12] have been tested for high
temperature durability and proved to be stable and durable
during the investigation due to the doped material inherited
characteristics. In our last reported works [21,22], etched
MCF-MZIs show an exceptional temperature sensing
performance with an RI insensitive feature.

In this paper, an in-fibre coupler with a weakly coupled
MCF-based MI sensor is presented which is the RI
insensitive temperature sensor. The sensor is fully capable
to eliminate cross-sensitivity between temperature and RI.
In addition, this kind of temperature sensor shows good
temperature sensitivity which is about seven times higher
than that of FBGs with an advantage of no cross-sensitivity
to external Rl and cannot be eliminated as LPFGs.
Moreover, it holds more transmission dips which are more
susceptible to detect the redundant environments.
Considering its advantages, it can be a good candidate to
replace FBGs and LPFGs, and, it can be further used as an
optical switching device for different aspects, such as
seawater, biomedical, and chemical related applications.
The simulation and experimental works show that such
sensor will assist new researchers in the conceptualization
and performance of such interferometers, and their
extension in various fields of science and technology. Also,
it is predicted to be a good candidate for measurments in
the high temperature environment up to 1000°C, due to the
thermos-optic and thermos-expansion properties of the
MCF.

The operating principle is discussed in section 2 which
includes theoretical formulations, simulations, and sensor
fabrications. In section 3, the experimental results and
discussion are presented.

2. Operating principle
2.1 Theoretical formulations

Figure 1(a) shows a schematic diagram of the proposed Ml
sensor. MCF acts as a sensing arm, and the in-fibre balls in
the sensor act as the optical coupler. When the input light
intensity propagates through the SMF core and encounters
the in-fibre coupler junction, then, several higher order
modes are excited due to the alignment of the in-line fibre
coupler. However, supermodes dominate and propagate in
the MCF which consists of the core and cladding modes.
When supermodes reach the end face of the MCF, the
reflection and recombination occur in the cascaded section
of the in-fibre coupler junction. While reflecting, the light
intensities of these modes interfere with each other and
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Fig. 1. Sensor design (a) and its cross-sections under a microscope

(b)~(d).

cause intermodal interference. Thus, the superimposition of
light intensities of the dominant centre core mode and the
outer core modes creates a wavelength interference
spectrum. To solve the complex amplitude and phase
participating in the interference, a phase-amplitude vector
analysis is used which is illustrated in the following
formulations. In order to simplify the given problem, the
first complex amplitude is considered as zero, thereafter,
the resulting amplitude and the phase vector can be
expressed as:

2
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where yno, yo and N are the amplitude, phase and mode
number of the vectors participating in the interference
superposition.  Assuming that light intensity is
symmetrically distributed among all MCF cores, Egs. (1)
and (2) can give the total reflected light intensity at
receiving side as [10]:
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Thus,

y = tanl( Y center Sin Y center + 6(//0uter sin Y outer J (5)
Y center cos Y center + 6V/outer Cos Y outer

However, in general, considering the phase difference for
M, the sensor can be calculated by:

4rl—
A = %ZAneﬂ , (6)

as Ag=(2m+1)rz;form=0,1,2, ... @)

where 1 is the operating wavelength and Anes is the
difference between the effective Rl of the centre and the
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outer core modes (Aneff :neﬁ'center—neﬁyouter). Due to the
enlarged fibre waist at the in-fibre coupler section, several
higher-order modes are generated. Most of them
degenerate due to the different phases in the hexagonal
distributed cores, however, supermodes will remain to
propagate. By using Taylor expansion series at the resonant
wavelength with an approximation of the initial phase
value set to be zero, thus, the spatial frequency of the
proposed sensor can be defined as:

2An, L
2/2

¢= , ®)

which can help find the mode number involved in obtaining
the interference spectrum. Similarly, the free spectral range
(FSR) of the proposed structure can be defined by taking
the inverse of the spatial frequency, which is as follows:

FSR=¢, ©)

The reflectance of the proposed sensor can be estimated as:

Reflectance(dB) = 10Iogl{cosz(A¢ﬂ .
2 (10)

Also, the coupling coefficient of the proposed sensor can be

approximated as [22]:
w5/
ZAneff u?

ro' (K@)

11)

where r is the core radius of MCF, dj is the separation
distance of the i-th core and j-th core, and Ko and K are the
modified Hankel functions of order 0 and 1, respectively. v
is the normalized frequency equalling (U + w2)Y?; where u
and o are the transverse propagation constants of the
linearly polarized centre-core and outer-core modes,
respectively.

2.2 Simulations

Beam propagation module (BPM) of RSoft® software is
used to investigate the electric field modes profile in the
longitudinal and transverse direction. To set up the BPM
simulations, the proposed geometry of the step-index
profile is drawn with a 3D-BPM option using a full vector
mode function. SMF and MCF parameters along with
derived units are consistent with actual fibres which are
listed in Table 1. However, the simulation is performed at
a resonant wavelength of 1550 nm. A linearly polarized
light is introduced, the light beam is Gaussian and not tilted.
Where the light beam is an exponential function of the
propagating wave, air is treated as a hosting medium in the
simulations. PATHWAY monitor is chosen for central
core, outer cores, and fibre cladding. The software owns a
built-in function that can calculate phase differences and
effective mode indices of the fibres used. After running the
BPM program, a contour map (XZ) in the longitudinal
direction is obtained, where the Dirichlet boundary
condition analysis is used. A slice mode analysis is also

Table 1.
Simulation parameters.

Before arc After arc
Parameters discharge discharge
SMF MCF SMF MCF
. core (um) 8.2 6.1 115 7.8
Diameter
clad (um) 125 125 160 160
Pitch A (um) no 35 no 44.8
RI core 1.4620 14681  1.4620 1.4681
clad 1.4570 14628 14570  1.4628

performed which indicates how light is injected through the
SMF port and reaches the end face of the MCF. Pade order
of (1.0) with a bi-directional beam propagation is
implemented to obtain a numerical solution by the fast
Fourier transform. A graphical comparison is made, as
shown in Figs. 2(a) and 2(b), which indicates whether it is
necessary to use a cascaded fibre ball coupler in the Ml
sensor or not. However, the implementation of an in-fibre
coupler enhances the coupling phenomenon between the
centre and outer cores of the interferometer, and it can also
be observed that a part of light intensity is distributed in the
cladding region. On the other side, a structure without the
in-fibre coupler cannot enhance loss and light coupling
between the cores and the cladding region. However, the
light coupling is not strong enough as in the case of strongly
coupled modes. The slice mode analysis also shows the
power distribution of the emitted light to the centre core,
outer cores, and the cladding region. The mode profile in
these regions is represented by blue, green, and red lines,
respectively, as shown in Fig. 2(e). The MCF coupling
coefficient is calculated from Eq. (11), and the dominating
supermodes become part of the sensor interference, as
shown in Fig. 2(c). The input light consisting of the
fundamental mode LPq; is activated from the SMF port, as
shown in Fig. 2(d).

From Figs. 2(b) and 2(c), it can be concluded that the
coupling phenomenon occurs in between the centre and
outer cores of the MCF. As a result, the propagation of
supermodes is more obvious and promotes strong
interference with the sensor which is highlighted in the
black dotted box where the end face of the MCF can be
seen. MCF deployment is weakly coupled, pragmatically
the coupling phenomenon would not be able to invite the
strongly coupled modes between the outer cores and the
centre core. Then, RI insensitivity can be obtained if the
light is unconditionally confined to the centre core. While
the temperature sensing involves a thermo-optic effect that
categorically shifts the resonant interference dips of the
sensor, even the MCF used is weakly coupled which is
mainly caused by the silica doped fibres intrinsic
properties. A normalized height coded plot is also obtained
for a better implementation of the coupling phenomenon,
as shown in Fig. 2(g). The cross-section of the simulated
MCEF can be seen in Fig. 2(f).

In simulations, the interferometer enhances the loss
factor, which is better for obtaining a strong interference
spectrum, but is considered to be negligible in sensing. An
appropriate method of the arc discharge enables inter-cores
coupling to optimize the interferometer and increase the
fringe visibility and extinction ratio of the interferometer.
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Fig. 2. Simulated profiles of the interferometer via BPM obtained at A= 1550 nm: longitudinal modal profile of the MI sensor without
(a) and with in-fibre coupler (b), supermodes (c), starting the LPo; mode from the SMF in port (d), slice profile of coupling
effect among the center, outer cores, and cladding modes (e), cross-section of the MCF used in simulations (f), and height

coded plot (g).

From Eq. (10), a simulated spectrum of the proposed inter-
ferometers is obtained for L =10 mm and 20 mm, as shown
in Fig. 3. The spectrum shows that interferometers comprise
periodic dominant fringes, with the FSR of 10.67 nm and
5.45 nm, respectively. The effective RI is calculated as
10.8-1072and 9.1-1072, for the sensing arm L = 10 mm and
20 mm, respectively, which is nearly equivalent to the fibre
index. Simulation results are found consistent with the
theoretical analysis, as discussed in section 2.1.

——L=10mm
---L=20mm

Intensity (dB)

-50

T T T T T T T
1540 1550 1560 1570 1580 1590 1600
Wavelength (nm)

Fig. 3. Simulated interference spectrum of the proposed M| sensor.

2.3 Sensor fabrication

The MCF (FIBRECORE-SM-7C1500) comprises seven
homogeneous cores surrounded by by the pure silica
cladding. Its cores are arranged in a hexagonal pattern
around the vertex. The core, cladding, and pitch distance

between cores are measured as 6.1 pum, 125 um, and 35 pm,
respectively. The RI of cores differs from the cladding of
about 5.4-1073, however, the pitch distance is good enough
to support a single-mode in each core. Whereas, SMF
(Corning-28) is used with the core and clad diameters of
8.2 ym and 125 pm, respectively.

In this work, the proposed MI sensor is fabricated by
using a simple technique of fusion splicing. Splicer
(Furukawa Fitel S177) is used for splicing as this device is
capable of performing serval manual fusion operations.
The segments of SMF and MCF are cleaved using a high
precision fibre cleaver, as shown in Fig.4(a). An
independent fusion is performed at the cleaved end faces of

Y ’ ‘9=é\

. Cleave

Independent fusion discharge arc

(c)

Splice
=2 i
g’ —
Cleave h

Fig. 4. Fabrication steps of the proposed sensor: cleave (a),
independent fusion discharge act (b), splice (c), and cleave (d).
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fibres. Thus, the end faces of fibres become fibre balls of
shape, as shown in Fig. 4(b), whereas a fusion time of
+750 ms with a controlled discharge arc of +100 bits is
used via the manual multi-mode function in the splicer
menu. These fibre balls consist of SMF and MCF which are
further adjusted on the splicer platform in the form of
cascades. Again, a different multi-mode function is set up
which comprises a fusion time of 400 ms with a controlled
discharge arc of +50 bits. Next, the fusion is performed, so
that faces of the SMF and MCEF fibre balls can be spliced
together, as shown in Fig. 4(c). Then, the other side of the
MCEF is cleaved at the desired distance, i.e., 10 mm and
20 mm, as shown in Fig. 4(d). Thus, in-fibre coupler-based
MI sensors with distinct sensing arms are fabricated to be
used in the following experiments. The proposed sensor
and the cross-section of the fibres used under the micro-
scope can be seen in Fig. 1(b).

3. Experimental results and discussions
3.1 Interference spectrum

Light-emitting from an amplified spontaneous emission
(ASE) source is injected into the sensor head through a
3- dB coupler. When the light reaches the end face of the
MCEF, it is reflected and propagated toward an optical
spectrum analyzer (OSA, YOKOGAWA, AQ6370C) that
is used to monitor the interference spectrum. The obtained
interference spectrum from the experiment is shown in
Fig. 5. The reflection spectrum of the proposed sensor with
different MCF sensing arms is examined, i.e., L=10 mm
and 20 mm. The interference signal is strongly dependent
on the spectral periodicity, and FSR for the MI sensor can
be approximated by Eq. (9). From the experiment setup,
FSR is calculated as 10.66 nm and 5.54 nm for the MCF
sensing arms, L=10 mm and 20 mm (MI sensors are
named as S-1 and S-2), respectively. However, the obtained
FSR is consistent with the simulation analysis. There is a
very small error which may be caused by inaccuracy of the
sensing arm or a manufacturing error of fibre balls. Since
the proposed sensors are manufactured in the manual multi-
mode operation using an ordinary splicing device, where
the fibre laying and adjustment are performed manually,
however, if the device manufacturing is automated for a
mass production of sensors, then such kind of inconsistency
between the simulated and actual interference spectrum can
be removed.

——L=10mm
---L=20mm

]
-40

Intensity (dB)

&
S
L

-60

T T T T
1540 1560 1580 1600
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Fig. 5. Experimentally obtained interference spectrum for
S-1and S-2.

3.2 Temperature measurement response

Ambient temperature is measured with our proposed in-
fibre coupler-based MI sensor. Temperature experiments
are conducted with a testing setup, as depicted in Fig. 6.
When the ambient temperature of the MI structure varies,
the resonant wavelength produces a shift owing to a change
in the effective RI and length of the sensing arm. Thus, the
relationship between the wavelength shift and temperature
can be expressed as:

di _ 210 1 dneff,center _ dneff,outer + 1(d|-) , (12)
dT Ang | dT dT L{dT

where dneftcenter/dT and dnestouter/dT are associated with the
thermo-optic coefficients and dL/dT is associated with the
thermo-expansion coefficient of the MCF. The thermo-
optic coefficient of sensing MCF is dn/dT = 6.83-107%/°C,
and the thermo-expansion coefficient is dL/dT =5.5-1077°C
which is one order of magnitude lower than that of the
thermo-optic coefficient [16] and can be ignored in the
formulations. The coefficient can be optimized through an
adjustment of fibre parameters, such as doping content, and
index difference of cores. As a result, the sensor presents
even higher temperature sensitivity.

Heating Furnace

Fig. 6. Experimental setup for temperature measurements.

The temperature experiment results are shown in Fig. 7.
The samples (S-1 and S-2) with two distinct sensing heads
of the MI sensor are used for the ambient temperature
measurement. After placing the sensor head into the
temperature furnace whose temperature resolution is
approx. ==+0.01°C, the temperature shifted from 20
to 90°C with a heating increment of 10°C and kept
constant for 20 minutes during each heating to ensure
stability. Figures 7(a)—7(d) show the spectral evolutions of
the proposed M1 sensor for S-1 and S-2 in which the spectra
are compared at each heating step, and a monotonic spectral
shift is obtained with a temperature rise. A red shift is
observed with a temperature rise, whereas it is obvious
according to Eqg.(11). The relationship between
temperature and the chosen dips (dip-1, dip-2 for S-1; and
dip-3, dip-4 for S-2) in the wavelength tracing domain is
shown in Figs. 7(e) and 7(f), and the solid and dotted lines
show a linear fitting of the minimum interference position.
In the ambient temperature detection range from 20 to
90°C, the temperature sensitivities of 60.6 pm/°C,
65.1 pm/°C, 67.6 pm/°C, and 70.6 pm/°C for dip-1, dip-2,
dip-3, and dip-4 are obtained with high linear fitting
correlations of ~0.99 (approx.), as shown in Figs. 7(e) and
7(f), respectively.
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Fig. 7. Spectral evolution for S-1 dip-1 (a), dip-2 (b), and for S-2 dip-3 (c), dip-4 (d); along with sensitivity and linear correlation response

of S -1 (e), and S-2 (f).
3.3 RI measurement response

The set up for the RI test is shown in Fig. 8. Series of RI
solutions are calibrated with an Abbe refractometer in the
range of 1.334-1.354. Initially, de-ionized water with an RI
value of 1.33 is taken, subsequently, a specific amount of
glycerol drops is added to it, so that desired value of RI can
be achieved. Similarly, by repeating and monitoring the RI
value, series of RI solutions are obtained which are shown
in the inset to Fig. 8. The RI solution tubes are placed in the
temperature controller compartment and their temperature
is maintained at 25°C during RI tests to avoid ambient
temperature variations. The results of the experiment for
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Fig. 8. Experimental setup for Rl measurements.
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Fig. 9. RI measurements for S-1 and S-2, and their spectral evolutions dip -1 (a), dip-2 (b), dip-3 (c), and dip-4 (d), respectively.

the RI measurements are shown in Fig. 9. This indicates
that there is a negligible movement of the interference
decrease in intensity, but no response in terms of red or blue
shifts are observed. In the RI measurement range of
1.334-1.354, both S-1 and S-2 respond insensitive which is
a good aspect of eliminating cross-sensitivity between
temperature and RI.

The proposed MI sensors are based on a weakly
coupled MCF which is unable to promote a stronger
coupling phenomenon in outer cores, hence, the
fundamental mode is mostly confined into the centre core.
When the surrounding RI becomes high, the outer cores
and cladding modes cannnot shift the wavelength. The
main reason is that the effective RI of the MCF outer cores

1610
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€
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<
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&

< 1580

>
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=

1570

1560
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T T T T T T 1
1.330 1.335 1.340 1.345 1.350 1.355 1.360
Refractive Index (RIU)

Fig. 10. Rl measurements for S-1 and S-2.

and cladding is much lower than that of the surrounding RI.
In order to make the sensor sensitive to RI, two methods
may be implemented (i) a tapered MCF or (ii) the elongated
length of MCF can be used to generate a stronger
evanescent field. However, tapering of the MCF makes the
sensor fragile that may not be suitable, while an elongated
sensing length of MCF can deteriorate the interference
spectrum. In our case, a shorter segment of MCF is chosen
that is unable to generate a stronger evanescent field to
make a probe sensitive to RI. A graphical representation of
the interference dips data set with the increasing RI value
is sketched in Fig. 10. This can be judged from the fact that
no significant fluctuations are observed in the surrounding
RI range of seawater which is consistent with the theory.

3.4 Comparison of sensors

The proposed sensor is a simple, compact, inexpensive
device that is easy to manufacture. The parameters of S-1
and S-2 along with FSR and sensitivity response are listed
in Table 2. In addition, a comparison was made with the
earlier reported sensors listed in Table 3.

Table 2.
Sensor parameters and sensitivity.
Sensing L Temperature RI
Sample (mm) FSR (nm) sensitivity sensitivity
S-1 10 10.66 70.6 pm/°C Insensitive
S-2 20 5.54 65.1 pm/°C Insensitive
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Table 3.
Comparison of the sensors.

124

Ref. Sensor Type Temperature sensitivity RI sensitivity Resolve cross-sensitivity
[9] Hollow core with SMF-MI —0.05 rad/°C 8.1498 rad/RIU No
[7] Ge-doped fibre-Ml 100 pm/°C Not tested No
[10] Heterogenous MCF-MI 40 pm/°C Not tested No
15 Tapered MCF-MZI 19.6 pm°C Not tested No
p p
[6] Core mis-match SMF-MI 115.34 pm/°C at 550°C Not tested No
[19] Strongly coupled MCF-MZI 29 pm”*C Not tested No
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